SUMMARY
oxygen therapy needs to be controlled and that ventilatory assistance can be individually prescribed and optimised for the varied physiological needs of the patient in respiratory failure. The physiological aspects and clinical applications of mechanical ventilation are fully described elsewhere in this symposium.
In most instances, the whole aim of respiratory therapy is to wean the patient from mechanical ventilatory support as soon as practicable. The clinician is faced with two fundamental issues in ventilator weaning: how to tell when a given patient is ready to be weaned, and then how to accomplish that goal. [4] [5] [6] Varying modes of augmented ventilation have been proposed for the achievement of this aim, and recently the trend is towards capitalising on any inherent ability of the patient to breathe spontaneously.
In this paper those modes of ventilatory assistance currently available in clinical practice which are used to augment conventional mechanical ventilation are examined. The last decade has seen refinements as well as alternative approaches to the conventional techniques of IPPV. Initial enthusiasm for these newer techniques has been tempered by evidence from more carefully controlled and objective studies. It would appear that 'conventional IPPV' is a mainstay of management for most patients and is unlikely to be abandoned in the foreseeable future.
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INTERMITTENT MANDATORY VENTILATION Intermittent mandatory ventilation (IMV) was introduced by Downs and co-workers in 1973 8 as a means of weaning adult patients from positive pressure ventilation. It is a means of ventilatory support wherein the patient may breathe spontaneously in an unimpeded, unassisted manner, but also receive a set rate of mechanical breaths in support of alveolar ventilation. The patient may breathe at the rate and depth he selects through normal physiological mechanisms and also receive a 
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VOLUME GENERATOR selected number of mechanical breaths (the IMV rate).
The process of weaning with IMV involves decreasing the (mandatory) mechanical breaths as the patient's spontaneous breaths increase in number and volume. The decrease in the preset mechanical rate is influenced by the ability of the patient to maintain an arterial blood pH greater than 7.35 and to continue adequate spontaneous respiration. In other words, the spontaneous rate should not be allowed to increase excessively nor should the spontaneous tidal volume be allowed to fall to low levels (e.g. with a resultant VD/V T ratio> 0.6).
In the U .S.A. IMV has most often been compared with assisted mechanical ventilation (AM V , see below) as a mode of weaning. AMV remains popular in that country, despite evidence of increased work of breathing and the occasional undesirable consequences of hyperventilation. However, IMV is no panacea COMMON INSPIRATORY LIMB COMBINATION VALVE EXPIRATORY LIMB FIGURE I.-INTERMITTENT MANDATORY VENTILATION CIRCUIT Simplified scheme representing an IMV system with patient and ventilator circuit components differentiated. Fresh gas flows (FGF) of similar gas composition are selected for each circuit. Note the position of one-way valves which provide un i-directional flow for each circuit and the prevention of breathing of expired gases. The patient circuit fresh gas reservoir may be pressurised to provide continuous positive airway pressure (CPAP) if desired. The ventilator circuit has a means of volume generation (piston in diagram). Both circuits direct flow through a common humidifier which serves the inspiratory limb. The expiratory limb combination valve prevents room air entrainment, provides selected expiratory pressure level and occludes during mechanical inspiration by means of a connection to the volume generator.
for hypocapnia and may also increase the work of breathing if circuits which function poorly are used. It is likely that IMV will maintain its position in the weaning armamentarium, as it is a gradual and more physiological progression from full mechanical ventilation to full spontaneous breathing, when compared with AMV and intermittent use of the T-piece circuit.
The IMV systemS as originally described has now been refined into two basic systems: continuous flow IMV or demand flow IMV. Continuous flow systems maintain a high continuous flow of gas past the patient's airway, while demand systems incorporate a demand valve which must be patient-activated to provide gas flow with each spontaneous breath. Figure 1 is a diagram of a simple demand flow IMV system. The system consists of two component circuits, one serving the mechanical ventilator and one the patient's spontaneous breathing. In theory, each circuit should function alone but in practice the circuits are integrated. The common inspiratory limb humidifier must be capable of efficiently warming and humidifying a high continuous gas flow. It must impart minimal resistance to spontaneous inspiration to minimise increased work---of breathing. Each gas source must supply flows sufficient to prevent collapse of the circuit reservoir bags. The patient circuit reservoir may be pressurised to maintain continuous positive airways pressure (CPAP) if required (as discussed elsewhere in this issue). Continuous monitoring of pressure in each circuit and at the patient airway is desirable for efficiency and patient safety.
It is now apparent that the amount of negative pressure that the patient must generate to activate demand valves not only increases the work of breathing, oxygen consumption and carbon dioxide production, but also adversely affects patient tolerance of the systems. 9 A properly functioning flow IMV system demonstrates only minor pressure fluctuations from baseline (± 2 cm H20, 0.2 kPa) during spontaneous breathing, even if CP AP is being used. to The flow required for this latter system should at least equal the patient's peak inspiratory flow, which in critically ill patients may approach 70 lImin. Nunn has previously indicated that normal resting peak inspiratory flows are about four times that of measured minute ventilation. 11 A ventilator with an IMV /CPAP facility should be prospectively assessed on its capacity to allow the patient to breathe spontaneously with minimum impediment.
Two recent and comprehensive reviews l2 • 13 have challenged many of the assumptions regarding IMV, but IMV remains a popular and dependable method of respiratory support and weaning. Negative reports have followed studies on post cardiac bypass surgery patients and also patients with co-existent respiratory and left ventricular failure.
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In a more heterogenous intensive care population, clinical impressions of IMV remain more favourable.
Increased mean intrathoracic pressure follows from CMV and is known to impede venous return to the heart. This may result in decreased cardiac output, particularly in the patient with relative hypovolaemia. Concurrent venous congestion of organs can result in diminished perfusion, and thus oxygen delivery to tissues is further impaired in patients with respiratory failure. IMV is associated with a lower mean intrathoracic pressure due to the lesser rate of mechanical breaths and the component of spontaneous breathing. The patient who develops a psychological dependence on mechanical ventilation may cope better with weaning by IMV than with repeated periods of T -piece breathing during which he becomes abruptly, albeit temporarily, separated from the ventilator. Used in this fashion, IMV provides a 'periodic breath' that may reduce atelectasis in addition to reassuring the patient that he is still being cared for. The claimed advantages for IMV I7 (Tables 1  and 2 ) over CMV include less need for sedatives and muscle relaxants, continuing co-ordination and use of respiratory muscles (making weaning from mechanical ventilation easier),18 diminished likelihood of respiratory alkalosis, 19 lower mean intrathoracic pressure (with less risk of pulmonary barotrauma)2o and less cardiovascular and renal functional impairment. 21 Some controversy persists as to whether these advantages have practical significance,22 particularly on whether IMV is superior to intermittent T -piece breathing as regards enhancing strength and endurance during the weaning process. In the absence of clear indications or contraindications, the use of IMV is likely to remain a matter of personal choice, cost and availability. SYNCHRONISED INTERMITTENT MANDATORY VENTILATION A modification of the originally described IMV technique is that of synchronised intermittent mandatory ventilation (SIMV). The positive pressure mechanical breath is synchronised to be delivered immediately on initiation of the patient's spontaneous inspiratory effort, which is usually sensed as a small negative pressure fluctuation in the breathing circuit. Alternatively, it can be timed to follow a just completed expiration. If no inspiratory effort is detected within a certain period (predetermined time 'window') a mandatory breath is delivered in any case. SIMV, like IMV, provides a set rate of mechanical breaths each minute and can provide at least partial ventilatory support for a patient who becomes apnoeic while in the SIMV mode. The clinician should, however, be aware of ventilators which time SIMV breaths to occur only in a preset ratio with the patient's spontaneous breaths -the apnoeic patient is in danger of not being ventilated at all.
Ideally, synchronised mechanical breaths will be delivered at the start, rather than the conclusion of spontaneous inspiration (thus avoiding breath 'stacking'). There is a reduced risk of large tidal volumes causing acute pulmonary barotrauma, or chronic changes of bronchopulmonary dysplasia. The efficiency of synchronisation varies between ventilators and patients: the greater the patient's respiratory rate, the less effective synchronisation becomes. Such patients are the most difficult to wean, and it may be argued that they should remain sedated and ventilated without any early attempts at weaning being made. On the whole, there does not appear to be any clear cut advantage of SIMV over IMV. 24 MANDATORY MINUTE VOLUME Like IMV, mandatory minute volume (MMV) ventilatory support has been suggested as a weaning concept. This system allows a metered 24 ,25 and preset constant flow of fresh gas equal to the desired minute volume to be fed into a constant pressure reservoir (a weighted bellows) or a collecting bellows (ventilator circuit). The patient breathes spontaneously from the constant pressure reservoir, while any excess flow between breaths fills the collecting bellows. Once the bellows reaches a maximum volume (established by the operator), a triggering mechanism is activated and the collecting bellows is emptied into the patient circuit as an obligatory positive pressure breath. Thus the patient is obliged to breathe one way or the other, a mandatory minute volume.
MMV is a means of ensuring that the patient has a constant level of ventilation, despite minute-to-minute changes in his ability to breathe. Originally described in 1977 27 this technique has recently been integrated for use in some new generation ventilators (described elsewhere in this symposium). With the use of microprocessors in these newer machines the patient can be permitted to 'self wean' from the ventilator in relative safety and without persistent operator intervention, Hyperventilation and its consequences are reputed to be less frequently seen than with other weaning modes. It is also possible to administer opiate analgesia prior to physiotherapy in the knowledge that the patient will continue to be ventilated with the same minimum minute volume, despite a potentially diminished respiratory drive. MMV has been proposed for use in the peri-operative management of myasthenia gravis patients 17 and in drug overdose patients who require mechanical ventilation. The disadvantages of MMV are similar to those of IMV, in that the patient with rapid, shallow, ineffective respiration is not well managed. Those modern ventilators which ignore shallow breaths may be better in this respect. 7 A high caloric intake largely derived from carbohydrate will result in increased carbon dioxide (C02) production. Diseased lungs may be unable to reflexly increase minute ventilation to excrete the increased load of C02, thereby exacerbating any pre-existing respiratory failure. For this reason, nutritional requirements should be carefully considered with any of the modes of augmented ventilation. 26 The patient may be unable to increase spontaneous respiration necessary to maintain a normal arterial C02 tension.
There are no clinical trials yet available to confirm the value of MMV over other modes of wea~ng. Clinical impressions suggest that MMV is a useful mode for those patients in whom respiratory drive is variable, rather than for those with impairment of lung function or respiratory muscle power.
ASSISTED VENTILATION Anaesthetists are familiar with the technique of gentle manual compression of the breathing circuit reservoir bag to augment spontaneous respiration in the anaesthetised patient. Rapidly responding modern ventilators may assist respiration in a similar manner.
Distinction should be made between two modes of assisted ventilation. North American literature referring to assisted mechanical ventilation (AMV) usually implies 'triggered' IPPV (see below). Pressure-supported (or assisted) respiration has a different clinical connotation to AMV.
'Triggered' ventilation describes the mode of support wherein the patient triggers the onset of a mechanically generated positive pressure tidal volume. The delivered tidal volume is fixed and predetermined by the clinician. The mechanical breath is cycled by the patient on commencing a spontaneous breath. Patient effort is detected at the ventilator as a negative airway pressure or small gas flow in excess of a pre-set limit. The patient determines the rate of triggered breaths. In practice, the ventilator offers an 'assist/control' mode whereby predetermined breaths will be delivered at a minimum rate, should spontaneous 'triggering' efforts not be made by the patient.
The theoretical advantage of this mode is to enhance co-ordination between patient inspiration and ventilator inflation. It is also used to implement weaning or recovery from respiratory failure (from inadequate spontaneous respirations) secondary to central nervous system depression. This mode has been popularised in North America, but has been supplanted by IMV in Australia and in Europe. Its use is probably more easily attributable to its availability than physiological desirability. Disadvantages include the consequences of hyperventilation, increased patient agitation and occasional exhaustion. Rapidly breathing patients tolerate this mode poorly, as there is a finite response time between the onset of inspiration and the arrival of the augmented inspiratory flow at the patient's airway. As a demand valve must be activated to initiate augmented flow (as with some IMV systems), a slow responding or high negative pressure threshold may thus increase, rather than decrease, the work of breathing. 27 A further theoretical objection raised is that, by reducing the muscular activity required to complete a breath, weaning may be prolonged by a slower recovery of muscle power and co-ordination.
Pressure supported (or assisted) respiration is a new technique in which a constant pre-set positive airway pressure is maintained throughout inspiration. Pressure support levels of 20-25 cm H 2 0 (2.0-2.5 kPa) are required for adequate tidal volumes. Pressure support ceases beyond a given fraction of inspiration time or when flow falls below a predetermined fraction of the initial inspiratory flow rate. The patient must still trigger respiration. During expiration, airway pressure drops to ambient pressure, or alternatively, to the desired positive end-expired pressure level. Pressure support level is diminished step-wise as weaning progresses.
Published experience of this technique is limited but it has been shown to be useful in the postoperative management of coronary bypass graft patients. 28 Another study has reported a lower oxygen consumption in patients breathing with pressure support, when compared with those in whom flow demand SIMV was used. 29 It should be remembered that ventilating system inertia and demand valve thresholds must be minimal, if this mode is to reduce the work of breathing and be of greater benefit than established weaning protocols.
INVERSED RATIO VENTILATION Tradi tionally, inspiratory: expiratory (I: E) ratios of 1:2 or 1:3 have been used for IPPV in adults. Successful mechanical ventilation with moderate prolongation of the inspiratory phase was first reported in infants fifteen years ago. 30 In latter years this technique has been further explored in adult patients. The technique of inversed (or reversed) I:E ratio ventilation is often combined with an inspiratory pressure hold (or plateau phase), low levels of PEEP /CP AP and relatively low ventilator rates to improve patient oxygenation. Ratios as high as 4: 1 have been reported but oxygen delivery was deemed optimal with ratios between 1.1:1 and 1.7:1. 31 The absolute duration of inspiration is probably the most significant feature in the apparent success of inversed I:E ratio ventilation.
Prolonged inspiratory times appear to have an effect on oxygenation similar to that of PEEP, particularly if an inspiratory plateau phase is also used to prolong lung inflation. The mechanism of this improved oxygenation has been attributed to an increased functional residual capacity (FRC), resulting from the shortened expiratory time and consequent prevention of full expiration. 31 An increased FRC recruits previously collapsed alveoli for useful gas exchange and subsequent reduction of pulmonary shunt (Q/Qt). The lengthened inspiratory phase (or use of inspiratory hold/pause) probably allows those airways with a long time-constant to receive a greater gas flow than would otherwise occur with conventional IPPV I:E ratios (time constant being a product of compliance and resistance). In diseased lungs, a moderate increase in FRC increases compliance and decreases resistance, to modifying the time-constant. In any case it Anaesthesia and Intensive Care, Vol. 14. No. 3 . August. /986 seems that inspiratory time should always exceed one second in all modes except high frequency ventilation.
Advantages of inversed I:E ratios appear to be an improvement in both oxygenation and carbon dioxide elimination. Disadvantages may include depression of cardiac output and pulmonary barotrauma if mean airway pressure rises significantly. Studies of efficacy in human subjects need to be evaluated. Current practice recommends that this therapy be introduced only by increments, and oxygen delivery to the tissues should be monitored, as with the use of PEEP. 33 OTHER MODES OF VENTILATION Experimentally, many modes of mechanical ventilation have been tried over the years. Some have been superseded before gaining published prominence while others remain to be fully evaluated. Brief mention will be made of some of these alternative therapies which have been fully reviewed elsewhere. 7, 34 (a) CP AP and PEEP are discussed elsewhere in this issue. (b) Expiratory flow retard has been employed to simulate 'pursed lip' breathing in an attempt to avoid premature airway collapse and airtrapping in patients with obstructive airways disease. Neither clinical nor laboratory studies have substantiated the efficacy of this technique.
Expiratory flow retard was the stimulus for the development of CP AP. PEEP and CP AP differ from expiratory retard in that the latter technique allows the positive airway pressure to gradually return to atmospheric level at end expiration. (c) Inspiratory flow waveforms have been manipulated in order to improve lung mechanics and gas exchange in patients receiving IPPV. Accelerating, constant and decelerating inspiratory flow waveforms have been investigated, but conflicting reports on their efficacies have not resulted in any clear cut recommendations. 34 Decelerating flow has recently been advocated on the basis of a resultant lower airway resistance, improved gas distribution and oxygen tension. 36 Accelerating flow is known to increase mean airway pressure and physiological dead space. Be that as it may, it is probably fair to say that the inspiratory flow waveform is not as important as other ventilatory features in contributing to a more effective alveolar ventilation. (d) Sighs have been an additional option on mechanical ventilators over recent years. Periodic spontaneous deep breaths have been noted in many mammalian species, including man. The transient increase in lung compliance and decrease in work of breathing associated with sighs suggest that they may function as a defence against atelectasis. Clinical data, using mechanically administered deep breaths, show no significant improvement in oxygenation between those subjects who were administered sighs and those who were not. It may be that spontaneous sighs produce a pattern of lung inflation different from that of a mechanically administered deep breath. 37 Morphological data obtained from rodents suggests that large inflations of the lungs stimulate increased surfactant secretion. 38 (e) Differential lung ventilation has been advocated for the selective therapy of lung pathology which is predominantly unilateral. By means of a double-lumen endobronchial tube, selective application of PEEP to one diseased lung may divert a larger fraction of inspiratory gas flow to that less compliant lung (resulting in an unilateral increase in FRC). Overdistension of the other relatively healthy and compliant lung 39 will also be avoided. There may be a subsequent improvement in matching of ventilation and perfusion (V IQ). Inspirations delivered by each ventilator need not be co-ordinated, as asynchrony does not appear to be deleterious to the patient.
Alternatively, patient positioning alone may improve V IQ matching in unilateral lung disease (e.g. by nursing the patient in the lateral position with the 'good' lung dependent). The clearance of airway secretions is, however, compromised. Intermittent rotation of the patient to the prone position has also been shown to at least transiently improve oxygenation in selected patients. 40 ,41 Patient positioning techniques are usually more easily accomplished than differential lung ventilation, and possibly with fewer complications. (f) Extracorporeal membrane oxygenation (ECMO) experience has not justified the initial enthusiasm for this very labour intensive and complicated oxygenation therapy for progressive severe respiratory failure. Controlled trials showed no benefit over conventional IPPV and the technique was abandoned in its infancy. 42, 43 Recently, however, a trial of extracorporeal carbon dioxide elimination combined with low frequency IPPV and PEEP has shown promise with increased survival rates. 44 ,45 Continued technical difficulties seem likely to hinder the popularity of this therapy.
Peritoneal oxygenation 7 by means of perfluorocarbon emulsions may be a simpler technique, if it can be proved safe and successful in humans as well as laboratory animals. (g) High-frequency ventilation of the lungs has been applied experimentally and clinically for a decade with some success. Small tidal volumes, usually less than the anatomical dead space volume, are delivered at higher than normal rates. Although the technique is safe and has applications in certain clinical situations, it has not been shown to offer major advantages over conventional ventilation. Detailed discussion on theory and practice is covered elsewhere in this issue. (h) Negative pressure ventilation techniques are being revived with the advent of light weight cuirass ventilators which may be more easily managed by the patient and his family at home. Patients may require longterm respiratory support with negative pressure ventilation for a variety of neurological and respiratory diseases.
In recent years much research attention has been directed towards the reasons for respiratory muscle fatigue 46 in pulmonary disease states and also the causes for weaning failure. New interest has arisen in the particular areas of respiratory muscle strength and endurance training, as means of eventually facilitating the weaning process. 46 -49 A deeper understanding of pulmonary physiology in health and disease is strongly advocated for those clinicians and equipment manufacturers who hope to optimise ventilatory support for individual patients with varied requirements.
